Background
Introduction
Pedicle screws are used increasingly in spine surgery. In particular, pedicle screws in the thoracic spine have offered surgeons an attractive alternative to hook and wire constructs, with the potential of rigid three column spinal fixation and improved coronal and axial correction. 1, 2, 3, 4 Unfortunately, along with the potential of added stability comes an increased risk of injury due to the close proximity of screw trajectories to critical neurological and vascular structures. 5 Postoperative imaging helps in detecting screw malposition and assessing its severity.
Primarily, pedicle screw position has been assessed by x-ray or CT imaging, with CT imaging currently considered the preferred imaging modality. 6 CT scans have been reported to be more accurate than x-rays in assessing pedicle screw placement; however, the same investigations have also reported a broad range for the accuracy, with up to 40% of screws reported as "misplaced" on CT scans. 7, 8, 9, 10 Inter-and intra-observer variability in interpreting screw position on CT imaging could affect the outcome of these studies that report screws as misplaced. Various factors, including the type of screw used, associated scatter, and difficult visualization of anatomical landmarks may affect precise measurement of a breach. Specifically, titanium pedicle screws have been reported to facilitate CT analysis, as they leave less artifact during scanning than other metals such as stainless steel or cobalt-chrome. Yoo et al. showed that the scanning artifact created by cobalt-chrome screws made identification of the screw more difficult than titanium screws, but easier than stainless screws which have been reported to hinder CT analysis. 11 Choma et al. revealed that assessment of the correct position of stainless steel screws was more difficult than titanium screws. 12 In addition, particular screw sites have been found by other investigators to have a higher propensity for pedicle breach, perhaps requiring that screws at these fixation sites be more carefully placed and more closely scrutinized upon CT review. 13 Pedicle breach was significantly higher in the thoracic spine compared to the lumbosacral spine (31.6% and 10.6%, respectively). 13 Though reliability has been previously studied, After obtaining IRB approval, 268 screws were placed in 23 patients as a part of a prospective multicenter study evaluating efficacy of a pedicle drilling device. Surgeries were performed by different surgeons at various locations. Postoperative CT scans were obtained for all patients to evaluate the accuracy of placement. Appropriate review by the radiation safety committee was completed at each of the institutions. Axial images were blinded and assessed by at least two independent observers. The number of observers varied between two and four depending on availability for reading the scans. These observers were experienced spine surgeons skilled in evaluating pedicle screw placement by means of CT scan.
The criteria for evaluation were as follows: screws were graded "in" when the screw was fully contained and/or the pedicle wall breach was ≤2 mm. "Out" was defined as a breach in the medial or lateral pedicle wall >2 mm. Thoracic pedicle screw placement using the in-out technique was considered "out" if the lateral breach was more than 2 mm. All of the observers for this study followed the same criteria for defining the screw position.
Of the twenty-three patients, fifteen were diagnosed with degenerative spine pathology and eight patients were diagnosed with spinal deformity. Twelve patients received 193 stainless steel pedicle screws and eleven patients received 93 titanium pedicle screws. (Table 1 ) Standard CT sequences were utilized. We optimized pedicle screw visualization with respect to the pedicle using 3mm fine axial cut CT images with bone windows. It was also determined that our ability to discern a pedicle breach was 2 mm, and this became our aforementioned criterion for our categorization of "in" and "out" breaches. Figure 1 and Figure 2 demonstrate breaches of greater than and less than 2 mm respectively. In addition, previous studies utilized a similar 2 mm incitement in their analysis. Two millimeters is often considered a critical breach as described by Belmont et al. 14 Further, Reynolds et al. previously demonstrated radiographic evidence of a 2 mm of lateral epidural space from T7 to L4. 15 This was confirmed by Gertzbein and Robbins who examined 71 thoracic screws (T8-T12) with a 26% incidence of medial cortical breaches. 16 These authors again noted a 2 mm epidural space and the 2 mm subarachnoid space. All of these studies consider screws with a 2 mm breach as clinically acceptably and believed to be accompanied by cortical expansion and benign pedicle wall fracture. All CT scans were measured on the computer screen. 
Statistical Methods
Binary categories (i.e., breach, no breach) are binomially distributed outcome data. In order to use traditional parametric statistics (ANOVA) usually based on normally distributed data to calculate the inter-and intra-rater reliability of binary outcomes. 17, 18 via the intraclass correlation coefficient (ICC) (Shrout and Fleiss, models 2k and 3k 19 ), it was necessary to transform the data to normalized ranks. 17, 18 The ICC was then calculated using analysis of variance (ANOVA) for repeated measures with a nested observer effect and multiple screws per patient. All statistical analyses were carried out using SAS V9.1 statistical software (SAS Institute, Cary, NC). An ICC value of 0.90 and above reflects excellent reliability. Values between 0.75 and 0.89 suggest moderate reliability, and those falling below 0.75 suggest poor agreement. 20 Each ICC is accompanied by the 95% confidence interval (CI). The 95% CI provides an indication of the level of precision of the coefficients such that a wide CI is considered low precision.
Results
Twenty-three patients underwent placement of 286 pedicle screws. All patients included in the study had a postoperative CT scan and there were no exclusions. Marked inter-and intra-observer variability was noticed. The exact breach rate was not calculated since the purpose of this study was to assess the reliability of multi-observer analysis of CT scans for determining pedicle screw breach. The overall inter-observer ICC was 0.45 (95% confidence limits 0.25 to 0.65). The intra-observer ICC was 0.49 (95% confidence limits 0.29 to 0.69) suggesting poor inter-and intra-observer reliability. Several data observations were not available for the effect of age and the effect of diagnosis (deformity versus degenerative) categories. We also did not calculate the ICC separately for medial or lateral breaches. Although medial breaches are clinically relevant, we believed that lateral breaches were more important because they can injure vascular structures nearby.
Of the 286 screws, only 262 screws were accessible for studying the effect of diagnosis (degenerative versus deformity) on inter-rater ICC. While analyzing the effect of age on inter-rater ICC, only 261 screws were available. The disparity among these numbers may be attributed to loss of data points between the multi-centers.
Degenerative versus deformed spine
See Table 2 . There were 15 patients (128 screws) with degenerative pathologies and 8 patients (134 screws) with a spinal deformity. Inter-rater ICC for deformity was 0.38 and for degenerative 0.21. The underlying spinal pathology did not appear to impact the reliability of CT assessment. 
Type of screw
See Table 3 . The screw type did not appear to affect the reliability of the CT assessment. There were 12 patients (193 screws) in the stainless steel group and 11 patients (93 screws) in the titanium group. ICC was similar for titanium and stainless steel screws, 0.36 and 0.34 respectively. ICC = Intraclass correlation coefficient; UCL = 95% upper confidence limit; LCL = 95% lower confidence limit. All 286 screws were available for this comparison.
Effect of age
See Table 4 . Patient age was also investigated. After stratifying the study patients into age groupings (younger than 18 years, age between 18 and 60 years, and older than 60 years), no appreciable difference in intra-observer reliability was noticed. Twelve patients (156 screws) were younger than 18 years, 4 patients (53 screws) were between 18 and 60 years, and 7 patients (52 screws) were older than 60 years. All ICC scores were below the 0.75 benchmark, making them unreliable by definition (0.24, 0.37 and 0.16, respectively). ICC = Intraclass correlation coefficient; UCL = 95% upper confidence limit; LCL = 95% lower confidence limit; 261 of 286 screws were available for studying the effect of age on the inter-and intrarater ICC.
Discussion
In this study, we observed poor reliability of CT scan assessment of pedicle screw placement among experienced inter-and intra-observers. It had been our assumption that senior surgeons would have had much higher agreement. However, one limitation of the study was that despite utilizing senior raters, we would have ideally used a greater number of raters for each scan. The specific intent of this study was to focus on patient and instrumentation factors that have been previously called into question as limiting the reliability and accuracy of CT analysis of pedicle screw placement. CT scans are considered to be the most accurate methods for assessing the accuracy of pedicle screw placement. 1 CT imaging, however, does pose risks of radiation exposure and are typically reserved for patients who have experienced surgically related complications. Our study looked at screw placement in normal postoperative patients. Ideally, the study would have been improved with a larger number of patients, but this must be weighed against the risks of radiation exposure. With that being said, the long-term outcome of screw breaches that are potentially small and initially clinically silent is still unknown. The purpose of our study was to appreciate the rate and extent of screw misplacements, not to advocate for the need for CT scans after surgery. In a meta-analysis looking at pedicle screw placement accuracy, Kosmopoulos and Schizas identified 35 different pedicle screw placement assessment methods. 21 In this study, the authors identified 130 studies incorporating 37,337 pedicle screw implantations. The authors stated a need for a standardized method for assessment of pedicle screw placement. The study does not endorse one particular method or assessment criterion.
Several studies look at the variability associated with CT scan-based assessment of pedicle screw accuracy. Rao et al. compared the position of a screw with direct visualization of the instrumented specimen. 22 There was moderate agreement (mean kappa score of 0.51). The inter-observer kappa value for titanium screws was higher than the one for stainless steel screws. The Rao and Kosmopoulous studies have also demonstrated that the accuracy rate for CT imaging and higher inter-observer reliability occur when titanium pedicle screws are utilized. Intra-observer agreement was substantial (mean kappa score of 0.63). The study showed that artifact and flare from stainless steel can affect the reliability of CT scans in determining the accuracy of pedicle screw placement. Yoo et al. have reported similar findings.
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In their study, the sensitivity of CT scanning in assessing the accuracy of pedicle screw placement in the lumbar spine was 86±5% for titanium screws and 67±6% for cobalt-chrome screws. In a cadaveric study by Fayyazi et al., CT scans were read for assessing intra-and inter-observer reliability. 23 In this study, screw placement in the rib head was not considered a malposition. The average sensitivity and specificity for assessment of malpositioned screws for all observers was 76±16% and 75±13%, respectively. Inter-observer kappa values showed large variability. Three observers correctly identified 8 of 20 screws (40%) with medial malposition. Four of 19 (21%) were correctly identified with lateral malposition, but they were unable to identify any of the six screws (0%) with inferior malposition.
In another study by Kosmopoulos et al., 59 titanium screws were evaluated blindly by two radiologists. 8 Coronal and axial reconstructed images were blindly assessed according to criteria established by Farber et al. 24 Three categories were defined: in, out, and questionable. "Out" was further subclassified into "medial" or "lateral," depending on the direction of the perforation. Inter-observer agreement was substantial for both axial and coronal images (kappa value 0.78 and 0.78, respectively). Intra-observer agreement was excellent for both observers using either axial or coronal images. All screws in this study were titanium, which might have resulted in the high level of agreement between the observations. Another reason for the high agreement could have been the use of simplified criteria to define the accuracy on CT scans. None of the studies have compared consensus versus single observer.
As demonstrated in this study, there was poor agreement among experienced spine surgeons in the interpretation of postoperative CT scans regarding pedicle screw breach for various screw types and sites in patients with spinal deformities or degenerative pathologies. It was difficult to define a significant breach due to the scatter associated with the screw. Precise measurement may prove to be difficult. Previously, it has been shown that a medial breach less than 2 mm and a lateral breach less than 6 mm are acceptable measures. 25 As the technology of CT imaging progresses, computer methods to reduce scatter may reduce the technical limitations related to interpreting screw placement and improve the reliability seen in future studies.
An obvious limitation of this study is that the screws could not be directly visualized as they were placed into living patients. This hinders the study, as only reliability statistics can be examined; as opposed to accuracy statistics, which can only be investigated in cadaver studies. However, we believe the opportunity to review spines in patients would lend our study greater clinical applicability. The question of asymptomatic breaches remains unsolved.
